Abstract: Xanthohumol is a major prenylated, hydrophobic flavonoid found in the female inflorescences of the hop plant (Humulus lupulus L.). In this study, we examined the effects of xanthohumol-rich hop extract containing 17.8% xanthohumol and 12.4% isoxanthohumol on the differentiation and adipogenesis of 3T3L1 cells. We observed that the extract inhibited the differentiation of 3T3L1 cells and intracellular fat droplets via the regulation of adipogenic factors such as the peroxisome proliferator-activated receptor gamma, CCAAT/enhancer binding protein alpha, and adipocyte fatty acid-binding protein.
INTRODUCTION
With the diversification of foods, obesity continues to increase rapidly in the developed as well as developing countries. Obesity leads to the accumulation of visceral adipose, which significantly contributes to the onset of various lifestyle-related diseases such as hypertension, diabetes, and atherosclerosis. Therefore, prevention and treatment of obesity are extremely important to reduce the risks of developing lifestyle-related diseases. Many studies have reported that dietary polyphenols exert anti-obesity effects 1 .
We previously reported that xanthohumol-rich hop extract XRHE prevented body weight gain, stabilized liver weight, and inhibited plasma triacylglycerol and liver triacylglycerol level elevation in rats fed a high fat diet 2 . Moreover, visceral fat mass levels have been observed to decrease in OLETF rats fed XRHE than those of rats fed normal diets unpublished data . Therefore, XRHE may prevent increases in the mass of body fat associated with obesity. XRHE contains xanthohumol and isoxanthohumol. Xanthohumol has been reported to have various biological activities, including antioxidant 3 , anti-tumor 4 , and anti-inflamatory 5 activities. Recent studies have also demonstrated that xanthohumol and isoxanthohumol affect energy metabolism via their apoptosis-inducing activity 6 .
In the present study, we examined the effects of XRHE on the differentiation and adipogenesis of the 3T3L1 preadipocyte cell line to identify its underlying mechanism in the anti-obesity effects.
EXPERIMENTAL PROCEDURES

Reagents
XRHE was purchased from Asama Chemical. Co., Ltd. Tokyo, Japan . All other chemicals that we used were of analytical grade.
Analysis of XRHE
Phenolic compounds in XRHE were analyzed by the Shimadzu LC10Avp system Shimadzu Co., Kyoto, Japan equipped with a Mightysil RP-18 GP column 5 μm, 150 mm 6.0 mm I. D., Kanto Chemical Co. Inc., Tokyo, Japan . Phenolic compounds were eluted using the mobile phase consisting of 1 v/v trifluoroacetic acid A and acetonitrile B at a flow rate of 1.0 mL/min. The linear gradient of 0 B for 1 min increased from 0-100 B over the next 45 min, and stabilized at 100 from 45 to 60 min. The detector wavelength was set at 317 nm. The amount of phenolic compounds in XRHE was 31.6 , and the XRHE also contained 17.8 of xanthohumol and 12.4 of isoxantohumol Fig. 1 .
Cell culture and adipocyte differentiation
The 3T3-L1 mouse fibroblast cell line was purchased from the RIKEN Bio Resource Center Tsukuba, Japan . The cells were cultured under 5 CO 2 at 37 in Dulbecco s modified Eagle s medium DMEM containing 10 fetal bovine serum FBS; Propak Industries, Ltd., OH, USA as well as a penicillin-streptomycin-amphotericin B suspension Wako Pure Chemical Industries, Ltd., Osaka, Japan . For adipocyte differentiation, 3T3-L1 cells were seeded such that there were 4.3 10 4 cells/10-cm of the petri dish.
The day after the cells reached confluence, differentiation was induced for two days by using an inducing medium containing 1 μM dexamethasone, 0.5 μM 3-isobutyl-1-methylxanthine, and 10 μg/mL insulin. The cells were maintained in culture medium with insulin 10 μg/mL for 2 days for differentiation into mature adipocytes day 0 . To test the effects of XRHE on the inhibition of adipocyte differentiation, we treated the cells with XRHE 10 μg/mL or 25 μg/mL on day 0. XRHE dissolved in dimethyl sulfoxide was added to the medium. Increased XRHE levels were below the cytotoxic levels against undifferentiated 3T3L1 cells, as the XRHE exhibited cytotoxic effects at 50 g/ mL. To test the effects of the XRHE on fat droplets in adipocytes, we changed the medium to DMEM containing 10 FBS on 2 day after the induction of adipocyte differentiation, and the cultures were incubated for 8 days. The medium was changed every 2 days.
Oil Red O staining
The formation of fat droplets in the cells was analyzed by Oil Red O staining. After the culture medium was removed, the cells were washed twice with ice-cold phosphate-buffered saline PBS and fixed with 10 formaldehyde at room temperature for 1 h. The cells were stained with 0.18 Oil Red O in isopropanol for 20 min and washed three times with PBS. After drying, the fat content of the stained cells was visualized by microscopy Olympus, Tokyo, Japan . For a quantitative analysis of intracellular fat droplets, Oil Red O staining was eluted with isopropanol and then quantified by measuring the optical density of the mixture at 540 nm.
Western blot analysis
The levels of proteins involved in adipocyte differentiation in 3T3-L1 cells were analyzed by western blotting. To study the mechanisms by which the XRHE inhibits adipocyte differentiation, we examined the effects of the XRHE on the levels of peroxisome proliferator-activated receptor gamma PPARγ , CCAAT/enhancer binding protein alpha C/EBPα , and adipocyte fatty acid-binding protein aP2 in 3T3-L1 adipocytes. PPARγ and C/EBPα play essential roles in adipocyte differentiation through the transcriptional regulation of various genes responsible for fat transport and accumulation, and aP2 is a specific marker of adipocyte differentiation. The lysates of 3T3-L1 cells were prepared using the CelLytic MT Cultured Mammalian Cells Lysis Reagent Sigma Chemical, St. Louis, MO, USA . Protein levels were measured using a protein assay kit BioRad Laboratories Co., Ltd., CA, USA . Protein extracts were separated using 10 sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were then transferred to a polyvinylidene difluoride membrane, which was subsequently blocked for 1 h in a buffer containing 0. 25 . After 1 h, the membrane was washed in blocking solution and incubated with a secondary antibody PPARγ, C/ EBPα, and aP2:anti-rabbit IgG-HRP, 1:7500 v/v dilution, Thermo Fisher Scientific, MA, USA; β-Actin:goat antimouse IgG-HRP, 1:5000 v/v dilution, Bio-Rad AdD Serotec GmbH at 25 for 1 h.
After washing with the blocking solution, signals were detected using ECL western blotting substrate Promega, Co., Fitchburg, WT, USA . The signal for each enzyme was analyzed using a Chemidoc-It 410 Imaging System UltraViolet Products, Ltd., Cambridge, United Kingdom , and the intensity of each signal was standardized to the signal of β-actin. The increases and decreases in the levels of each protein were measured and were compared to the relevant intensity in control cells set equal to 1 .
Statistical analysis
The data were expressed as the mean standard error SE and were statistically analyzed using a one-way analysis of the variance and the Tukey-Kramer test to evaluate significant differences among the means of the three groups. Differences were considered to be significant at p 0.05.
RESULTS AND DISCUSSION
Adipocyte dysfunction is closely related to the onset of obesity and related cardiovascular diseases. There were significantly lesser fat droplets in XRHE-treated cells than those in untreated cells Fig. 2A . Consistent with the presence of fat droplets, XRHE significantly reduced intracellular fat levels in a concentration-dependent manner Fig. 2B . Similar to the effects of xanthohumol, phloretin-3 ,5 -di-C-glucoside, a glucoside of calcon, was reported to inhibit intracellular triacylglycerol and fat accumulation in 3T3L1 preadipocytes 7 . Therefore, XRHE containing calcon, such as xanthohumol, may have beneficial effects on reducing fat droplets in adipocytes. Using XRHE, a part of the mechanism of regulative function on the adipogenesis of 3T3L1 cells was examined. The protein levels of PPARγ were lower in XRHE-treated cells than those in untreated cells Fig. 3 . The protein levels of C/EBPα were also lower in XRHE-treated cells than those in untreated cells; notably, this difference was significant in cells treated with 10 μg/mL XRHE. The protein levels of aP2 were also significantly lower when treated with XRHE in a concentration-dependent manner than those of untreated cells.
Adipocyte differentiation is closely related to the abnormal secretion of adipocytokines accompanying the progression of obesity. Adipocyte differentiation is controlled by a tightly regulated transcriptional cascade, in which PPARγ and members of the C/EBP protein family are key players 8 .
Activators of PPARγ regulate fatty acid metabolism and can induce adipocyte differentiation 9 . Moreover, PPARγ and C/ EBPα cross-regulate each other s expression and govern the expression of the proteins involved in adipogenesis 10 .
Therefore, the reduction of PPARγ and C/EBPα protein levels in preadipocyte cells could effectively prevent the accumulation of fat masses. We observed that the XRHE reduced the protein levels of these transcription factors during adipocyte differentiation in 3T3-L1 cells. Similar to XRHE, phloretin-3 ,5 -di-C-glucoside also decreased PPARγ2 expression in 3T3L1 preadipocytes 7 .
aP2 is the predominant fatty acid-binding protein in adipose tissue and it plays an important role in the intracellular metabolism and transport of fatty acids 11 . The expression of aP2 is confined almost exclusively to adipose tissue and adipogenic cell lines and is highly regulated during adipocyte differentiation 12 . In the present study, the protein levels of aP2 in cells were observed to decrease upon exposure to the XRHE in a concentration-dependent manner. Yang et al. reported that the expression of PPARγ, C/EBPα, and aP2 mRNA was downregulated by the induction of apoptosis after treatment of 3T3-L1 cells with high levels 50 μM, 75 μM, and 100 μM of xanthohumol, and their protein levels also significantly decreased 6 . In con- trast, we observed that the XRHE inhibited adipocyte differentiation by downregulating PPARγ, C/EBPα, and aP2 protein expression, thereby regulating lipid synthesis and fat accumulation in 3T3-L1 cells at low levels of xanthohumol 50 nmol/mL or 126 nmol/mL . In addition, apoptosis was not induced in XRHE-treated undifferentiated cells because nuclear staining with DAPI did not reveal any increases in apoptotic features, such as chromatin condensation or nuclear fragmentation. Thus, more experiments need to be performed to further validate this difference.
The bioavailability of xanthohumol has not yet been completely elucidated. Xanthohumol is a hydrophobic flavonoid, whereas many polyphenolic compounds are hydrophilic. Therefore, the bioavailability of xanthohumol may be higher than that of hydrophilic polyphenols. Among calcons, the bioavailability of phloretin is high and 10.4 of the ingested dose is recovered in rat urine after 24 h 13 .
Therefore, other calcons may also be involved in the regulation of adipocyte differentiation. The dietary hydrophobic flavonoids, such as kaempferol, have also been reported to decrease the thickness of subcutaneous fat in broiler chickens 14 . Thus, xanthohumol in XRHE may ameliorate the increase in the masses of white adipose tissue accompanying overnutrition by inhibiting adipocyte differentiation if it or other metabolites can target preadipocytes. Future studies include investigating the effects of other XRHE components as well as the metabolism of dietary xanthohumol.
CONCLUSION
XRHE inhibited adipocyte differentiation and intracellular fat droplets in 3T3-L1 cells by regulating adipogenic factors, including PPARγ, C/EBPα, and aP2. Thus, xanthohumol-rich XRHE may prevent increases in the fat masses associated with overnutrition by regulating the differentiation of preadipocytes. Values without a common superscript letter are significantly different at p < 0.05. PPARγ, peroxisome proliferator-activated receptor γ; C/EBPα, CCAAT/enhancer-binding protein α; aP2, adipocyte fatty acid-binding protein.
